Abstract In this paper, polyimide (PI) films are modified using an atmospheric pressure plasma generated by a dielectric barrier discharge (DBD) in argon. Surface performance of PI film and its dependence on exposure time from 0 s to 300 s are investigated by dynamic water contact angle (WCA), field emission scanning electron microscopy (FESEM), and Fourier transform infrared spectroscopy in attenuated total multiple reflection mode (FTIR-ATR). The study demonstrates that dynamic WCA exhibits a minimum with 40 s plasma treatment, and evenly distributed nano-dots and shadow concaves appeared for 40 s and 12 s Ar plasma treatment individually. A short period of plasma modification can contribute to the scission of the imide ring and the introduction of C−O and C=O (−COOH) by detailed analysis of FTIR-ATR.
Introduction
Polyimide (PI) is famous for its excellent mechanical properties and extra low dielectric constant in a wide temperature range (−269 o C to 400 o C) [1−3] . It has gradually displaced polyester and become the first preferred substrate for flexible electronics [4] . PI filamentcovered metal microwires for inflatable antennas [5, 6] and high density PI fabrics for flame retardant protection [7] are some novel usage of the polymer. Both traditional and the latest applications of PI claim its good adhesion to different materials such as Cu, Cr and to itself [8−11] . However, the low specific surface energy of PI is the biggest obstacle to overcome.
Various methods are introduced to improve the adhesion behavior physically and chemically such as corona treatment, ion implantation [12] and irradiation [13] and acid-alkali treatment [14, 15] , among which exposing PI film to plasma at atmospheric pressure is a wellestablished system [16−18] . Reactive species formed in plasma interact with the polymer to attach functional groups to the surface, such as a significant increasing of the C=O bond in O 2 plasma in low pressure discharge [19] , the formation of C−F x bonding with He/SF 6 plasma [20] , and the introduction of −OH in water plasma [21] . However, plasma for surface functionalization still has some drawbacks due to an excess of energy delivered to the film surface. When the polymer is exposed to plasma, particle bombardment may lead to random chain scission, molar mass degradation, or crosslinking in the surface [22] . Therefore, the study of the modification process is of much importance to further industrial applications, especially in atmospheric discharge.
Here, atmospheric dielectric barrier discharge (DBD) is chosen for PI film surface modification since it can lower the cost usually associated with vacuum-based plasma. Surface properties, such as the chemical and physical structures, and the hydrophilicity are explored in detail together with their corresponding reactions to the plasma exposure time. In addition we discussed the plasma etching mechanism to PI film by detailed analysis of FTIR-ATR. It could provide suggestions and guidance for optimizing the process in the existing and upcoming industrial applications 2 Experimental section
Plasma reactor
Discharging chamber was the usual DBD system with Cu as the plate electrodes (40×40 mm 2 each), ceramics as dielectric with a discharge gap of 2 mm, and a thermocouple attached to a ground electrode, shown in Fig. 1(a) . No extra hot or cool-down stages were applied to the chamber. Pure Ar with a flow of 1000 sccm ran into the chamber, while a high voltage power supply of 20 kHz was applied to drive the device. The temperature of the ground substrate which held the sample was recorded under the experimental conditions and averaged from 5 values with a maximum error of 1.3 o C, as in Fig. 1(b) and the maximum of temperature was 72.9 o C. The voltage/current waveform was recorded by a digital oscilloscope assembled with a wideband voltage probe (TeKtronix P015A) and a current probe (Pearson 2877). Results are presented in Fig. 1(c) , from which we can calculate the discharged power 5.4 W by the corresponding Lissajous figure [23] . Two current peaks with broad width and low amplitude per increasing (or decreasing) phase of each voltage pulse were obtained here. Electric charge accumulated and exceeded to a certain value could lead to an electron avalanche, which contributed to the first peak and the residual electric brought by the extreme high voltage would result in more current peaks. Even though countable peaks in the current curve were gained, irregular peaks and lots of noise in the period demonstrated the typical filamentary micro-discharges in the DBD system [24, 25] . 
Materials
Aromatic PI films with a thickness of 150 µm were provided by DuPont USA; the exact chemical structure is described in Fig. 2 . The samples of 40×5 mm 2 size were cleaned twice in distilled water by ultrasonic for 30 min in total, then dried in a vacuum oven at 40 o C for 12 h. After inflowing Ar into the chamber, the dried PI film was sent to the chamber and covered the whole electrode for plasma modification. Then DBD was enabled for PI surface modifications. 
Characterizations
The surface physical and chemical properties were represented through the changes of the surface morphology, wetability and functional groups. FESEM (Phonom-World, Holland), dynamic WCA (MAIST Vision Inspection & Measurement Co., Ltd) and FTIR-ATR (Nicolet NEXUS-670, USA) were applied here. Dynamic WCA has to be pointed out here since it was not measured by depositing a certain volume drop on the specimen and inclining the plate until the drop started to move [26] . However, in this paper, we fixed the sample below a syringe ( Fig. 3(a) ), which could be moved freely [27] . A droplet of 1 µL in volume was first formed, then we slightly moved the syringe with a micrometric screw. For example, as shown in Fig. 3(b) , when we moved the syringe from right to left, the shape of the droplet was also changed. At the moment the droplet started to be separated from the syringe, we could measure the corresponding advancing and receding contact angle. The whole process was recorded by a camera and the angles were measured by the software (DropMeter TM A). Fig. 3(c) is the picture for measuring the dynamic WCA after exposure to the plasma for 40 3 Results and discussions
Wetting behaviors
Dynamic WCA is an important criterion used to justify a surface since it can clearly reflect the dynamic response when liquid is placed on it. It is rather convincing that advancing CA is more sensitive to low-energy components of the surface while the receding angle is more sensitive to the high-energy ones [28] . The contact angle hysteresis, which is equal to the difference between θ A and θ R , could also be introduced to understand the rolling behavior of a droplet on treated surfaces in more detail. Hence evaluation of the dynamic WCA of treated PI has been carried out, as in Fig. 4 . All data were collected randomly from different locations of a functionalized surface immediately after plasma treatment and each value has been averaged from 10 drops with an estimated maximum error of 2 o . After being processed with an argon plasma for 40 s, the PI film becomes very hydrophilic, with both advancing and receding CA decreasing rapidly. However, these values begin to increase slowly when we extend the exposure time, shown in Fig. 4 , from which we can get the conclusion that the film turns out to be less hydrophilic. In addition, the contact angle hysteresis firstly increases and then decreases with etching duration. It can be shared that when we expose PI to plasma for a short time, it is hard for a water drop to roll and move on the surface. However, for a longer time in plasma, moving a water drop on the film becomes a little bit easier. The trend meets with other reports for polyethylene and polyester functionalization by atmospheric plasma [29, 30] . Substantial rising in hydrophilic character may be attributed to the functional groups grafted to the polymer surface together with the texturing of the polymer surface. Slight dropping after a longer time treatment in plasma might be caused by the separation of reactive groups, or the crosslinking of them, which needs more evidence and proof.
Surface morphology
Influence of the plasma treatment time on the surface appearance is illustrated in Fig. 5 in large magnification from FESEM. Pronounced differences between pristine and 40 s, 120 s, 300 s plasma-treated samples could be clearly seen here. As in Fig. 5(a) and (b) , untreated samples are smooth and flat and an exposure of argon plasma for 40 s introduces particle-like irregular protuberances to the surface, which are relatively evenly distributed. For longer exposure, cavities (such as the red circle in Fig. 5(c) ) become the dominant feature (in Fig. 5(d) ) while the white small dots disappear gradually. The white small dots in Fig. 5(b) might be attributed to the peeling effect in filament discharge. Such evenly distributed dots on the polymer surface within just a few tens of nanometers can destroy the surface tension of the droplet to a large extent and so a water drop can spread rapidly on the surface, which might contribute to the rapid rising of the hydrophilicity [31−33] . For a longer time treatment, shadow concaves with a diameter of several hundred nanometers appear, instead of a dense and deep nano-feather-like microstructure by other study when a DC bias of −1000 V is applied to generate Ar/O 2 plasma [34] . The rather low value of the current during the treatment might contribute to shadow concaves, and irregular spikes in the current curve would be the reason for the nonuniform patterns for more than 100 s treatment. 
Chemical composition
A detailed study of FTIR-ATR spectra of pristine PI film along with different Ar plasma treated samples were performed within 300 s. Absorption curves for untreated samples, 20 s, 40 s, 60 s, 120 s, and 300 s plasma treated samples are listed here (Fig. 6) . For untreated samples, several characteristic peaks are attributed to the imide structure, such as carbonyl group of imide ring at 1770-1780 cm −1 and 1710-1720 cm −1 , and characteristic absorption for C-N vibration at 1360-1375 cm −1 and 720-730 cm −1 [28] . A narrow and sharp peak around 1500 cm −1 attributes to the benzene ring and it is difficult to be dissociated when subjected to bombing in plasma [35] . Another broad and strong band is located at 1220 cm −1 and 1080 cm −1 , accounting for C−O. By further observation and analysis, the wide absorption band of -OH at 3000-3200 cm −1 is evidenced only in the case of plasma treated samples. It might be the vibrations from -COOH induced by reactive species, or the water absorbed from air by the functionalized surface [36] . Moreover, broadening and shift of the infrared absorption lines could be observed in the spectra. The peak of C−O at the 1220 cm band shifted gradually to the lesser wavenumbers (from 1235 cm −1 for 20 s plasma treated sample to 1220 cm −1 for 300 s plasma treated sample). The shift and broadening of the infrared absorption bands are caused by the collision and scattering between phonons [37] . This implies an increasing structural material disorder [38] . Other obvious differences are hard to get by the shape of the curves. Hence quantitative analysis of C=O, C−O and C−N are carried out here at different plasma treat durations. Relative absorption peak areas are calculated while the absorption band for benzene is chosen as the intensity calibration since a benzene ring is assumed to be a stable chemical structure and the bands would not be broken in plasma [35] . Each data is equaled from 5 samples, and the results are shown in Fig. 7 .
As a whole, the relative absorbance peak area of C−N decreases along with the increasing of discharge time in spite of some tender fluctuations. C−O bond vibration at 1080 cm −1 exhibits a steady escalation through the process, while stretching vibration for C−O at 1220 cm −1 keeps a value. The C=O out-phase stretching vibration at 1720 cm −1 shows slight rising when comparing the pristine to 300 s treated samples. However, an extreme undulation of C=O within 60 s of plasma treatment could be observed clearly. Decreasing of C−N implies a scission of the imide group. It may be assumed that high energetic species may reach the polymer surface by means of streamers, producing the scission of the PI structure and introduction of C−O and C=O (−COOH) within 40 s of plasma etching. The more reactive species to the PI surface may contribute to the separation of newly grafted −COOH and some undesirable crosslinking, so the C=O content decreases in the following 20 s. The trend of C=O bond absorption can provide a valid and effective proof to the change of dynamic WCA for the treated polymer. Longer plasma treatment should be a complex process, such as a combination of grafting, dissociation and crosslinking. The integrated effect might achieve an overall dynamic equilibrium under a certain plasma condition. This might be a rational proof for no evident difference for both dynamic WCA and absorption intensity of certain representative bonds in longtime Ar plasma. In addition, the temperature of the electrode and the sample surface increases with the plasma duration. Rising in the local surface temperature might also benefit the formation or breaking of carbonyl groups (C=O) and C−O on the polymer surface [39] , which needs further detailed research.
Conclusions
In this work, we investigate the etching action to PI film at different exposure times using the DBD plasma treatment technique. FESEM, FTIR-ATR, and dynamic WCA are introduced to measure the surface features. Dynamic WCA has a minimum value at 40 s Ar plasma. Nano-dots from FESEM might be one of the reasons for rapid decreasing of dynamic WCA within 40 s exposure. By detailed analysis of FTIR-ATR, C−O is introduced to the polymer surface, together with the −OH absorbing band appearing on treated samples. Hence COOH might be formed with the scission of imide rings. A longer plasma treatment time might result in dissociation and uncontrollable crosslinking of the polar functional group, and finally reach an overall dynamic equilibrium. However, for better application of PI film to various fields, further research about the effect of temperature on samples and the aging phenomenon of hydrophilicity should get significant caution.
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